Abstract: The problem of size dependence of surface tension was investigated in view of a more general problem of the applicability of Gibbs' thermodynamics to nanosized objects. For the first time, the effective surface tension (coinciding with the specific excess free energy for an equimolecular dividing surface) was calculated within a wide temperature range, from the melting temperature to the critical point, using the thermodynamic perturbation theory. Calculations were carried out for Lennard-Jones and metallic nanosized droplets. It was found that the effective surface tension decreases both, with temperature and particle size.
Introduction
The problem of the applicability of thermodynamics to highly disperse systems is of great interest from both, fundamental and practical points of view. Among the most important directions is the extension of Gibbs thermodynamics of surface phases to nanosystems. Important contributions to thermodynamics of highly disperse systems were made by Gibbs himself [1] , Tolman [2] , Hill [3] , Rusanov [4] , and Shcherbakov [5] . The interest to thermodynamics of small objects has greatly increased in view of rapid development of nanoscience and nanotechnology. In fact, the thermodynamic method shows great promise in predicting nanoparticle stability or instability [6, 7] .
There are two main thermodynamic models of highly disperse systems: (i) the continuous model which does not involve the concept of a small object (the particle) and which operates with local densities of extensive thermodynamic qualities; and (ii) the heterogeneous model which proposes that small objects (particles) be surrounded by a dispersive medium.
The first model seems to be more adequate for systems which are of interest for nucleation theory. The second, ideally, corresponds to a set of solid and relatively stable particles, e.g. of working elements in micro-and nanoelectronics. At the same time, the second model seems to be more general and may also be used in nucleation theory.
Therefore, all approaches using the concept of a small object, i.e. of the particle, can be, in turn, classified into two main directions. The first one relates to boundary curvature corrections to the surface tension. These studies were initiated by Gibbs [1] , who came to the conclusion that surface tension σ and interface curvature radius R changed in the same direction. As a development of the approach outlined by Gibbs, Tolman [2] derived his well known equation, σ/σ ∞ = (1 + 2δ/R s ) −1 , where σ ∞ is the surface tension for the plane interface, R s is the radius of the surface of tension, and δ > 0 is the distance between the equimolecular dividing surface and the surface of tension for the plane interface. The order of magnitude of the δ parameter, called the Tolman length, has an effective molecular diameter a. Since the Tolman method was proposed for R ≫ δ, the Tolman formula can be rewritten as σ/σ ∞ = 1 − 2δ/R s . The opposite asymptote
for a very small R, was obtained by Rusanov [4] (K is the proportionality coefficient). The second direction in the thermodynamics of small objects, the Hill ensembles method [3] , does not use the concept of surface tension. For this and some other methods, applying this approach involves some practical difficulties. The Tolman approach seems to have much greater success with the classical thermodynamics of surfaces. However, the degree and range of applicability of Gibbs thermodynamics were not investigated by R. Tolman and his successors [8] .
An attempt to develop a more consistent thermodynamic approach to highly disperse systems combining some Gibbs and Hill concepts was made by Shcherbakov [5] , who called his approach "the general theory of capillary effects of the second type". As part of this approach, a direct determination of the surface tension is replaced by the determination of energetic characteristics more suitable for small objects, namely, of the total excess free energy ψ compared with the Helmholtz or Gibbs energy of a more massive phase with the same number of molecules. If the radius R of the small object is specified, the effective specific Gibbs energy can be easily found as Ψ/4πR
2 . It coincides with the surface tension σ (R) for the equimolecular separating surface.
It is also necessary to mention, that for nanosized objects, the term "surface tension" looses its primary dynamic meaning of a tension of the interface boundary caused by the anisotropy of the pressure tensor. Instead, the surface tension σ (R) should be interpreted as the work of formation of the small object in question per unit area of the chosen geometrical separating surface.
In recent years following Shcherbakov [5] , we applied the thermodynamic perturbation theory (TPT) to investigate the size dependence of the surface tension σ for small droplets and nanocrystals [9] [10] [11] [12] [13] [14] . In the above papers, the implementation of TPT was restricted by a low temperature region for which the vapor term in the excess free energy ψ could be neglected. However, the high temperature behavior of the σ (R) dependence is of special interest for many reasons. In particular, the high temperature vapor phase, which should contain nanoclusters, can be used in energetic devices. The high temperature case, when particle evaporation cannot be neglected, is also of interest in the behavior of nanosized working elements of nanodevices under extreme conditions.
The TPT method
According to the first order TPT approach [15] , the excess free energy ψ = F − F 0 of the perturbed system can be calculated as the mean perturbation energy U 0 found for the unperturbed Gibbs distribution:
In (2) F is the Helmholtz energy of the investigated (perturbed) system and F 0 is the Helmholtz energy of the basic (unperturbed) one.
Usually [16] , the TPT method is applied to calculate the Helmholtz energy for a system with an interatomic attraction using the pair correlation function of a hard sphere system. Shcherbakov [5] proposed an original variant of the TPT scheme where the perturbation was associated with the cutting of a spherical volume from the bulk liquid phase. In this work, a similar but more complex scheme is advanced to take into account the vapor surrounding the droplet. So, a spherical volume of radius R is cut from the bulk liquid phase at a given temperature T . A volume of similar radius is cut from the bulk vapor as well. Then, the obtained nonrelaxed droplet is placed into the hole in the vapor surrounding. According to TPT, excess free energy ψof the real (relaxed) droplet-vapor system may be found using the distribution function of the basic (nonrelaxed) system. So,
where n α is themolecule (atom) number density in the massive phase α (α = l, v). Subscripts l, v correspond to the liquid and vapor bulk phases, respectively. The integral
contains radial distribution functions g (0)
αβ corresponding to the unperturbed system. As a first approximation,
Except for the steric effect of its own molecular (atomic) size a, there are no correlations between the unperturbed droplet (l) and its unperturbed vapor surrounding (v). In (4), V 1 = (4/3) πR 3 is the droplet volume, V 2 is an arbitrary volume of the bulk phase in the environment of the droplet chosen with account for the cut-off radius of the Φ (r) pair potential. It is also worth mentioning that the I αβ integrals are not very sensitive to the choice of the g αβ (r) approximation. As a result, all radial functions g αβ (r) can be approximated by the same radial function e.g. g (r)
ll . In this paper, the Heviside step function (5) is used for this purpose. So, Eq. (3) can be rewritten as
where
(r)Φ(r). In the low temperature limit, when the vapor density n v can be neglected, Eq. (3) reduces to
used in our previous works [9] [10] [11] [12] [13] [14] .
Results
The main result of our σ (R) calculations on the basis of formula (7) [9] [10] [11] [12] [13] [14] for small liquid droplets of different types (including the simple Lennard-Jones fluid, polymer and metallic melts) is that the σ (R) dependence can, to a fairly good approximation, be described as
So, at radii R smaller than or equal to some characteristic (critical) R c value of 2-10 nm, the surface tension is described by the Rusanov linear equation (1) , whereas, at R > R c , the surface tension virtually coincides with the limiting σ ∞ value corresponding to R → ∞, i.e., to the macroscopic plane interface (Fig. 1) .
The results obtained for argon droplets, using Eq. (6) in the temperature range from melting point T m to critical temperature T c , are presented in Fig. 2 . The liquid ρ ′ and vapor ρ ′ ′ densities were taken from handbook [17] . In general, the σ (R) dependences have the same form as in the vicinity of the melting point. It is also noteworthy that critical radius R c does not depend on temperature T . The temperature dependence of the Tolmen length δ (obtained from the data presented in Fig. 2) is shown in Fig. 3 . One of the advantages of our TPT method is that it allows the use of unperturbed effective pair potentials for metallic droplets, e.g. the Schiff ones [18] , proposed for bulk metals. The results obtained for aluminum droplets are presented in Fig. 4 . 
Discussion
The obtained σ (R) curves give a fairly reasonable asymptote: σ → 0 (cluster disappearing) at R → 0 or T → T c and σ → σ ∞ at R ≫ R c . The asymptotic values σ ∞ of σ (R) agree with available experimental data [17] .
The Lennard-Jones potential, used in this work for argon droplets, is most adequate to monatomic systems, i.e. to liquefied noble gases. However, this potential can be also used, within a fairly good approximation, to liquids consisting of molecules with a low enough degree of asphericity (such as tetrachloride of carbon, benzene, lower alcanes etc.). For droplets consisting of aspherical molecules (such as higher alcanes) we used the RISM-model which suggests that fragments of molecules (e.g. groups −CH 2 − and −CH 3 ) be interpreted as structural units instead of whole molecules [6] . However, the form of the σ (R) dependence is not sensitive to the choice of the pair potential and the shape of molecules.
Moreover, if the equivalent Lennard-Jones potential (i.e. one with the same well depth and the same point of intersection of the Φ(r) curve with the r axis) is used instead of the specific oscillating Shiff potential for Al, the form of the σ (R) dependence does not change. However, the limiting σ ∞ value reduces by a factor of two. So, a conclusion can be made that reduced values σ/σ ∞ and the form of the σ (R) curve are not sensitive to the choice of the pair potential and the type of liquid that the droplet is made up of. So, the obtained results for the σ (R) dependence seem to be quite reasonable.
However, using equation [4] 
for the additional pressure ∆p in the droplet, shows that approximation (8) results in enormous values for ∆p, viz: ∆p = 3K, which cannot be realistic for very small clusters (according to our calculations for aluminum, K ≈ 10 9 P a). However, an advantage of Eq. (8) is that it at least gives finite values of ∆p in comparison with the classical formula
The discrepancy of ∆p mentioned above is not linked to used pair potentials since the result ∆p = 3K follows from the Rusanov formula σ = KR found primarily from thermodynamic considerations.
Probably, the interpretation itself of the quantity ∆p = 2σ/R + ∂σ/∂R in terms of a real additional pressure becomes incorrect for very small objects (R < R c ). When R = R c , the nanoparticle consists of about 100 molecules (atoms). Subsequently, local properties, especially such dynamic characteristics as the phase pressure and the pressure tensor components, seem to become less adequate or even entirely inapplicable in comparison with integral energetic properties attributed to the small object as a whole (the excess free energy Ψ, surface tension σ) ‡ . However, for very small clusters (dimers, trimers, tetramers etc.), consisting of several molecules, some other methods, e.g. ab initio ones, can be more adequate. At the same time, ensembles of very small clusters can also be interpreted in terms of thermodynamics. ‡ As A.I. Rusanov pointed out ( via private communication), the work of cutting of a single molecule from the corresponding bulk phase and the surface tension σ (R) as the work in question per unit effective molecular area should also have definite physical meaning.
In [10] a concept was put forward that R = R c corresponds to a specific phase transition of the dispersed matter into a nanophase state. In reality, a sharp dip in the σ (R) curve at R < R c means that the particle in question does not contain a central core corresponding, by its properties, to the macroscopic mother phase. Contrary to this, when σ (R) = σ ∞ , the object under consideration can be treated as a phase particle and, respectively, the whole system "droplet -vapor", as the heterogeneous system in its usual macroscopic meaning. It should be pointed out that the characteristic radius of the above specific phase transition should depend on the choice of the property which is used for its determination. The choice of effective surface tension σ (R) seems to be most adequate for this purpose but not unique.
According to the results obtained in this work, the characteristic radius R c does not depend, at least noticeably, on the temperature. This result seems to be quite reasonable. In fact, the R c parameter corresponds to the intermolecular distance r osc ≈ 3a for which there exist correlations between the two chosen molecules and their corresponding oscillations of the radial distribution function g(r). In turn, r osc becomes the cut off radius of the pair potential. On one hand, some data on g(r) [19, 20] does not demonstrate any noticeable dependence of r osc on T , even at T = T c . At the same time, the OrnsteinZornike method [21] predicts the asymptotic behavior g(r) − 1 → const/r at T → T c . This asymptote corresponds to the infinite correlation length at T = T c .
As was mentioned above, we did not find any noticeable dependence of the R c parameter at T → T c . However, Fig. 2 and, particularly, increasing of the Tolmen length δ with the temperature increasing (see Fig. 3 ), make it possible to conclude that some increase in the value of R c in the vicinity of the critical temperature does indeed take place, but the effect in question is masked by a sharp fall in the σ ∞ value.
It is also of interest to discuss corollaries resulting from Eq. (8) for the nucleation theory. According to the Gibbs theory [1] , the work of nucleation W is defined as
where N l = n l (4/3) πR 3 is the number of molecules in the germ (droplet) under consideration, ∆µ = µ
is the difference in chemical potentials of the bulk vapor and liquid phases, respectively. We might point out that Gibbs' interpretation of the ∆µ quantity in terms of the above macroscopic chemical potentials become more accurate if the excess free energy ψ = σA is defined relative to the bulk mother phases. Gibbs suggested then thatσ (R) = σ ∞ = const. Under this proposition,
If ∆µ > 0 (supersaturated vapor), the W G (R) curve has a maximum (curve 2 in Fig.  5) at R = R G called the critical radius (referred to as the Gibbs critical radius hereafter).
Introducing Eq. (7) into (11), we obtained (for R < R c ) another formula
For the supersaturated vapor, the following condition holds true:
Eq. (13) gives W < 0 (curve 4 in Fig.5) . So, the σ (R) dependence makes it possible to explain the barrierless growth of metastable germs atR < R G . Also of importance here is that the critical radius R c , figuring in Eq. (7) and shown in Fig. 1, corresponds to the condition W G (R) = 0. As a result, R c = (3/2) R G > R G . In other words, R G = (2/3) R c . So, the corresponding nanodroplets consist of about 60 molecules. (14) is not satisfied. Curve 4 corresponds to the supersaturated vapor satisfying condition (14).
Conclusion
So, approximation (8) is valid in a wide temperature range from melting point T m to critical temperatureT c . The approximation under discussion makes it possible to explain the germ growth at R < R G in the supersaturated vapor satisfying condition (14) . The K = σ ∞ /R c parameter has lower values in the high temperature region. So, in the vicinity of the critical point, germ growth should take place at lower supersaturations.
